Pulmonary hypertension (PH) is commonly associated with left ventricular dysfunction, as elevation in left-sided filling pressure results in corresponding passive increase in pulmonary arterial pressure.
However, some patients develop super-added pulmonary vascular disease, which may manifest as further elevation of transpulmonary gradient (TPG) or pulmonary vascular resistance (PVR) on cardiac catheterization -so-called reactive PH 1 . In some cases, the severity of reactive PH and elevation in TPG and PVR may appear disproportionate to the increase in left-sided filling pressure (pulmonary artery wedge pressure of ≤25mmHg), and this has been referred to as out-of-proportion pulmonary hypertension. An increase in mortality has been reported in patients with reactive PH and decompensated heart failure (HF) 2 . Reactive PH is also associated with poor outcomes from orthotopic heart transplantation, even if the abnormal pulmonary hemodynamics were reversible 3 .
Therefore, the identification of reactive PH in left heart failure may guide prognosis and therapeutic interventions.
Cardiopulmonary exercise testing is widely used in the assessment of the severity and prognosis in patients with HF. In particular, abnormal ventilatory response on exercise, as evidenced by an increased slope of ventilation to carbon dioxide (CO2) production (VE/VCO2), oscillatory ventilation and reduced partial pressure of end-tidal CO2 (ETCO2) are well described in patients with HF 4, 5, 6 .
These abnormalities in ventilatory parameters in HF have been attributed to ventilation-perfusion mismatch, chemoreflex deregulation, ergoreceptor activation and reduced cardiac output 7 
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A C C E P T E D ACCEPTED MANUSCRIPT 5 uptake (VO2), carbon dioxide production (VCO2), and minute ventilation (VE) were collected throughout the exercise test. PeakVO2 was expressed as the highest 30-s average value obtained during the last stage of the exercise test. Oxygen pulse is derived from VO2 divided by heart rate and the value at anaerobic threshold was reported as previous studies have shown that stroke volume estimation most closely approximated the directly measured stroke volume at anaerobic threshold, particularly in patients with significant heart failure 10 . Measurements of partial pressure of end-tidal CO2 at rest (Rest ETCO2) and at anaerobic threshold (ETCO2 AT) were collected as changes in endtidal CO2 during exercise has been well-reported in patients with heart failure and correlates with the severity of ventilation: perfusion mismatch 11, 12 . Change in ETCO2 (delta ETCO2) was the difference in these 2 ETCO2 measurements. Ten-second averaged VE and VCO2 data, from the initiation of exercise (after the warm-up period) to the point of ventilatory threshold were used to calculate the VE/VCO2 slope.
Exercise oscillatory ventilation was defined in accordance with the recent consensus statement as oscillatory wave amplitude of at least 15% of resting average VE, which persisted for at least 60% of the exercise 13 .
Transthoracic echocardiography
Transthoracic echocardiography was performed in accordance with standard guidelines. The left 3WU or TPG ≥ 12mmHg. These criteria were based on current recommendations and guidelines 1, 16 .
Statistical Analyses
Continuous variables are reported as mean ± standard deviation (SD) or median (Interquartile range, IQR) and categorical variables as proportions. Characteristics of the 3 groups of patients (no pulmonary hypertension, passive PH and reactive PH) were compared by ANOVA (and Tukey's post hoc test) or Kruskall-Wallis for parametric and non-parametric data respectively. Multivariate analysis was performed to identify independent associations with the presence of reactive PH. The multivariate analysis included for baseline variables that were significantly different between groups (LVEF, LVESVi, TAPSE, MR, NT pro-BNP and cardiopulmonary exercise test parameters). Mitral regurgitation was added to the model due to reported association with pulmonary hypertension.
Receiver operating characteristic (ROC) curve analysis was used to assess the sensitivity/specificity of the ventilatory parameters for reactive PH. Sensitivity, specificity and likelihood ratios for the combined diagnostic criteria were then calculated for the presence of reactive PH. Likelihood ratio
for a positive test (LR+) is defined as sensitivity/(1-specificity) and likelihood ratio for a negative test (LR-) is defined as (1-sensitivity)/specificity. All statistical analyses were performed using R (version 2.7.0) and a two sided p-value of <0.05 was considered statistically significant.
RESULTS
One hundred and thirty one consecutive patients with heart failure were included in this study.
Seven patients were excluded -3 patients unable to manage exercise test (one patient was an amputee, one patient suffered from left leg weakness due to prior stroke and one patient had leg weakness due to Becker's muscular dystrophy), 4 did not reach anaerobic threshold. Sixty-one of the 131 patients had reactive PH. Of the 7 excluded patients, 2 had reactive PH. We were unable to identify AT with confidence in 12 patients -8 in the reactive and 4 in the non-reactive PH groups. All of whom had oscillatory ventilation on exercise. In the absence of identifiable AT, we used the peak value for calculating the delta ETCO2. This is based on previous studies indicating relatively minor change in ETCO2 from 50% load to peak exercise 11 . There were no significant differences in baseline demographics between groups. Patients with reactive PH were treated with higher doses of furosemide but there were no other statistically significant differences in conventional heart failure therapy [ As the diagnostic value of a specific test is dependent on the prevalence of the condition in a population, the likelihood ratios (LR) were also computed to determine the diagnostic value of these 3 ventilatory parameters for reactive PH based on the 46% prevalence of reactive PH in this study and also on a 50% lower prevalence of 23%. The likelihood ratios for positive and negative tests and We also examined the subgroup of patients with out-of-proportion PH. There were 11 patients with 'out-of-proportion' PH, characterized by TPG > 12, PVR > 3 and wedge pressure ≤ 25mmHg. Of these 11 patients, 7 patients had 1 of 3, 2 patients had 2 of 3 and 2 patients had all 3 criteria. Therefore, the absence of any criteria excluded 'out-of-proportion' PH, based on our analysis in this small subgroup of patients.
DISCUSSION
This study evaluated the diagnostic utility of ventilatory parameters for reactive PH in heart failure.
Three parameters were independently associated with reactive PH in this study: VE/VCO2 slope, delta ETCO2 and exercise oscillatory ventilation. These 3 parameters, applied in combination are associated with reactive PH in heart failure. However, our data suggest that the diagnostic utility of these ventilatory parameters lies predominantly in the exclusion of reactive PH in patients with heart failure, as the positive likelihood ratios and post-test probability were limited.
Pulmonary hypertension is a well recognized complication of left heart failure. The association between pulmonary artery pressure and prognosis is well documented in patients with heart failure 18 , with more recent studies demonstrating increasing risk of adverse outcome with higher pulmonary vascular resistance and transpulmonary gradient 19 . Similar findings have been reported in patients with decompensated heart failure 2,20 . In addition, reactive PH is associated with poor outcomes from orthotopic heart transplantation 21 . Hence, the identification of reactive PH in left heart disease may have clinically significant implications for treatment and prognosis.
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10 Abnormalities in ventilatory parameters on cardiopulmonary exercise tests are well described in patients with PH and left heart disease. Previous studies have correlated these ventilatory abnormalities with hemodynamic changes 22 , pulmonary vascular disease 23 Patients with out-of-proportion PH represent a complex group. It is believed that these patients have mixed pulmonary vascular disease, which may have therapeutic implications. Based on a small number of patients with out-of-proportion PH, the absence of any of the 3 criteria appeared to exclude out-of-proportion PH in our study. These findings are preliminary and deserve further assessment.
We did not specifically study patients with heart failure and normal ejection fraction (HFnEF).
Pulmonary hypertension is well described in patients with HFnEF 28 , which is consistent with the prevailing paradigm of elevated left-sided filling pressure as the inciting stimulus for the development of pulmonary hypertension. Similar exercise ventilatory changes, including exercise oscillatory ventilation have been described in patients with HFnEF and PH 29, 30 , which suggests similar pathophysiologcal changes (eg: ventilation-perfusion mismatch, chemoreflex deregulation, ergoreceptor activation and reduced cardiac output) in patients with heart failure irrespective of the measured ejection fraction. On this basis, we speculate that exercise ventilatory parameters would have similar diagnostic value in patients with HFnEF and PH, although they have not been systematically evaluated for the detection of reactive PH in these patients.
Cardiopulmonary exercise testing has a well-established role in the assessment of heart failure. A number of exercise-derived parameters on cardiopulmonary exercise test have been described in heart failure, primarily for the assessment of prognosis 31, 32 since the initial description of VO2 in relation to heart transplantation 33 
Study limitations
This study will have the inherent limitations of a single centre observational study, consisting of patients with severe heart failure undergoing assessment for transplantation. The latter in particular, may limit external validity when applied to the wider population of patients with less severe heart failure. Examination of the diagnostic value of these criteria using a lower prevalence of reactive PH (a lower prevalence of reactive PH was assumed in patients with less severe heart failure) may mitigate, but would not abolish this limitation. Secondly, this is a relatively small study. 
